In this work we demonstrate optical control of the singlet-triplet probability distribution in the outcome of a collisional process involving lithium dimers and argon atoms. The control is achieved using the Autler-Townes effect to manipulate the spin character of a spin-orbit coupled pair of levels serving as a "gateway" between the singlet and triplet electronic state manifolds. DOI: 10.1103/PhysRevA.89.061401 PACS number(s): 34.50. Rk, 33.40.+f, 31.15.aj The adiabatic description of molecular electronic states is based on potential energy surfaces, defined by the motion of the electrons, on which the slower nuclear motions (vibrations and rotations) occur. However, this model breaks down when relativistic effects such as the coupling between the electron spin and its orbital angular momentum (spin-orbit coupling) are taken into account. The result is that conical intersections develop between the adiabatic potential surfaces resulting in molecular states with mixed spin (multiplicity) character. A growing number of theoretical results [1] [2] [3] indicates the importance of such intersections in shaping the pathways for nonadiabatic dynamical processes. For example, conical intersections play a crucial role in the processes of intersystem crossings (nonradiative quenching) [4, 5] of excited electronic states. When diatomic molecules are considered, the electronic potential energy surfaces reduce to two-dimensional curves and the conical intersections become avoided crossings of the intersecting diabatic potentials. The dipole selection rule on spin, S = 0, prohibits direct excitation between states of different spin (singlet ←/→ triplet). However, nearly degenerate singlet and triplet levels, with the same rotational quantum number J , can couple together by the spin-orbit interaction, creating levels of mixed singlet-triplet character. In diatomic alkali-metal molecules, for example, such states are used in the transfer of ultracold molecules formed in the triplet a 3 + state to deeply bound levels of the singlet ground state X 1 + [6-8], as well as to access spectroscopically the dark triplet excited states starting from the singlet ground state X 1 + [9] [10] [11] [12] [13] [14] . Thus the use of these mixed spin-multiplicity character levels called "window" levels as intermediates in double resonance excitations allows the selection rule on spin for electric dipole transitions to be circumvented. A related, but separate phenomenon is the so-called "gateway" effect [14] [15] [16] [17] , in which transfer of population between singlet and triplet manifolds occurs by way of collisional pathways through levels of mixed character. Direct transfer of population from a pure singlet level of an alkali diatomic molecule to a pure triplet level lying very close in energy, via collisions with noble gas atoms, is an extremely weak process. Instead, it has been observed that the transfer is very much more likely * Author to whom correspondence should be addressed: erahmed@temple.edu to occur in a two-step process through a mixed singlet-triplet level, even when that mixed level lies much further away in energy and has a different rotational quantum number J [14, 17] . Moreover, the collisional transfer rate through the mixed levels depends critically on the degree of spin character mixing.
The adiabatic description of molecular electronic states is based on potential energy surfaces, defined by the motion of the electrons, on which the slower nuclear motions (vibrations and rotations) occur. However, this model breaks down when relativistic effects such as the coupling between the electron spin and its orbital angular momentum (spin-orbit coupling) are taken into account. The result is that conical intersections develop between the adiabatic potential surfaces resulting in molecular states with mixed spin (multiplicity) character. A growing number of theoretical results [1] [2] [3] indicates the importance of such intersections in shaping the pathways for nonadiabatic dynamical processes. For example, conical intersections play a crucial role in the processes of intersystem crossings (nonradiative quenching) [4, 5] of excited electronic states. When diatomic molecules are considered, the electronic potential energy surfaces reduce to two-dimensional curves and the conical intersections become avoided crossings of the intersecting diabatic potentials. The dipole selection rule on spin, S = 0, prohibits direct excitation between states of different spin (singlet ←/→ triplet). However, nearly degenerate singlet and triplet levels, with the same rotational quantum number J , can couple together by the spin-orbit interaction, creating levels of mixed singlet-triplet character. In diatomic alkali-metal molecules, for example, such states are used in the transfer of ultracold molecules formed in the triplet a 3 + state to deeply bound levels of the singlet ground state X 1 + [6] [7] [8] , as well as to access spectroscopically the dark triplet excited states starting from the singlet ground state X 1 + [9] [10] [11] [12] [13] [14] . Thus the use of these mixed spin-multiplicity character levels called "window" levels as intermediates in double resonance excitations allows the selection rule on spin for electric dipole transitions to be circumvented. A related, but separate phenomenon is the so-called "gateway" effect [14] [15] [16] [17] , in which transfer of population between singlet and triplet manifolds occurs by way of collisional pathways through levels of mixed character. Direct transfer of population from a pure singlet level of an alkali diatomic molecule to a pure triplet level lying very close in energy, via collisions with noble gas atoms, is an extremely weak process. Instead, it has been observed that the transfer is very much more likely * Author to whom correspondence should be addressed: erahmed@temple.edu to occur in a two-step process through a mixed singlet-triplet level, even when that mixed level lies much further away in energy and has a different rotational quantum number J [14, 17] . Moreover, the collisional transfer rate through the mixed levels depends critically on the degree of spin character mixing.
Recently we have demonstrated [18] that the singlet and triplet character of mutually perturbing pairs of levels coupled by the spin-orbit interaction can be optically controlled using the Autler-Townes (ac Stark) effect [19] . Building on these results, in the present work we demonstrate the optical control of collisional transfer between singlet and triplet states (gateway effect) of the Li 2 dimer. Specifically, we consider collisions of excited Li 2 molecules with argon atoms. The sequence of events in the experiment can be described by the following three reaction equations:
Li *
schematically illustrated in Fig. 1 
In the second step (1b) the Li 2 * (|3 ) molecules experience collisions with argon buffer gas atoms causing transfer of population to the gateway levels G
In the last step (1c), some fraction of the molecules in the gateway levels Li 2 * (|S ∼ |T ) decay via spontaneous emission to the lower pure triplet state Li 2 (b 3 u ). Through this collisional mechanism, the natural spinorbit mixing in the |S ∼ |T gateway levels allows molecules in the excited pure singlet level |3 to decay to pure triplet levels of the lower b 3 u electronic state. We achieve optical control of the collisional transfer between the pure singlet level |3 and the pure triplet b 3 u state manifold by manipulating the spin character of the intermediate gateway levels |S ∼ |T . The change in the spin character of the components of the gateway is accomplished using the Autler-Townes (AT) effect of the coupling laser L 3 (see Fig. 1 ). It is well known that the spin-orbit mixing of a pair of levels depends on their energy separation. We use the AT effect to shift one of the interacting levels closer (stronger coupling) or further away (weaker coupling) from the gateway partner level by controlling the power and detuning from resonance of the coupling field.
In the experiment we used a setup that is similar to the one described previously [18, 20] . The Li 2 dimers were produced in a five-arm heat-pipe oven loaded with lithium metal and heated to 850 K. In most quantum optics experiments collisions are unwanted and efforts are made to minimize them due to the decoherence they introduce. However, here we chose to look at the collisions explicitly. Thus, in contrast to previous experiments [18, 20] in which argon gas was used in minimal amounts (100-200 mTorr) only to prevent hot metal vapor from reaching the heat-pipe oven windows, in the present work we loaded the oven with argon gas at 2 Torr pressure (measured at room temperature). Three Coherent Autoscan 699-29 dye lasers were used in the experiment. To minimize the residual Doppler linewidth, the lasers driving the first two excitations, L 1 and L 2 , were counterpropagating, while the control laser L 3 copropagated with L 1 . The beam waist w (defined as the radius at 1/e 2 intensity) for each laser (w 1 = 90 μm, w 2 = 110 μm, w 3 = 225 μm) in the interaction region was measured using the razor blade technique [21] . To monitor the branching of the population between the final singlet and triplet states, we detected molecular fluorescence corresponding to specific rovibronic transitions, collected from a ß2.5-cm-long interaction region, and emitted in a direction perpendicular to the laser propagation axis. The desired fluorescence was separated from the background using bandpass filtering. A SPEX 1404 double grating monochromator with bandwidth of ß0.1 nm was used for the singlet channel and an interference bandpass filter (Thorlabs, center wavelength 441.6 nm and bandwidth 10 nm) was used for the triplet channel. In both cases Hamamatsu R928 photomultiplier tubes were used for detection. The powers of the pump and probe lasers were attenuated to 10 and 50 mW, respectively, using neutral density filters.
We model the experimental results using the density matrix formalism [22, 23] . The equation of motion of the system is
where ρ is the density matrix, and is the relaxation matrix. In constructing the Hamiltonian matrix H we follow the description given in Ref. [18] . From the entire set of 7 Li 2 rotational, vibrational, and electronic states we only consider the levels that are directly coupled by the optical fields and the spin-orbit interaction, labeled |1 , |2 , |3 , |S 0 , |T 0 , and |4 in Fig. 1 . Since levels |3 and |S 0 are only connected by collisional population transfer, the Hamiltonian H of the system naturally separates into two components
Here H 1 describes the subsystem formed by the states |1 , |2 , and |3 , and H 2 describes the subsystem formed by the states |S 0 , |T 0 , and |4 . In this way the original 6 × 6 density matrix is replaced by two 3 × 3 matrices, which simplifies the calculations significantly. The two components of H in the interaction picture have the form
Equations (3a) and (3b) incorporate the rotating wave approximation [23] and are written in the basis set of the unperturbed levels. Here i ≡ ω i − ω res are the detunings for molecules at rest in the lab frame. ω i is the frequency of the ith laser and ω res is the resonance transition frequency between the corresponding unperturbed levels. i is the Rabi frequency of the ith laser, defined as i = μ·E i , with μ the dipole matrix element of the corresponding transition. δ SO is the experimentally measured separation in energy between the mixed levels |S and |T . The mixed spin-orbit coupled states |S = α|S 0 − β|T 0 and |T = α|T 0 + β|S 0 (α 2 + β 2 = 1) arise as a result of the spin-orbit interaction between the closely spaced pair of levels |S 0 and |T 0 . The separation between the unperturbed levels δ 0 SO is proportional to δ SO : δ 0 SO = (α 2 − β 2 )δ SO [18, 24] . Due to the existing spin-orbit coupling present between the levels |S and |T when only the weak pump and the probe lasers are present, a fraction of the molecules excited to level |3 naturally decay through the mixed levels |S ∼ |T to the pure triplet state b 3 u . In Fig. 2(a) 
Probe laser (L 2 ) scan with the control laser (L 3 ) fixed on resonance, (b) control laser scan while the probe laser was fixed on resonance. The excitation scheme from level |1 to level |3 (part A in Fig. 1 Fig. 2(b) we illustrate the transfer rate as a function of the detuning of the control laser. The peak position corresponds to the resonance, while the decrease in transfer rate observed at lower frequency is from the nonresonant ac Stark shift experienced by the singlet component of the pair which causes the levels to separate and thus mix less. From the relative change in the intensity of the triplet fluorescence observed in Fig. 2 by the action of the control laser we estimate that the suppression (for negative detuning) and enhancement (for resonance or positive detuning) in the singlet to triplet (|3 → b 3 u ) transfer is approximately 11% and 20%, respectively. Since the total molecular population in the relevant levels is unaffected by the control laser this translates to a similar relative change in the rate constant of the overall collisional singlet to triplet transfer process.
In Fig. 3 we show the effect of the control laser power on the transfer rate. We observe that the increase in the control laser power (Rabi frequency) leads to enhancement in the transfer rate, because of the increased spin-orbit coupling of the gateway levels. Since the molecular population is conserved, while the transfer to the triplet manifold (b 3 u ) is enhanced, the decay to the singlet manifold (A 1 + u ) must decrease. To test this, we have performed an experiment in which we simultaneously recorded the triplet and the singlet fluorescence from the gateway levels as shown in Fig. 4 . As is evident from the figure, the singlet and triplet fluorescence signals from the gateway are complementary. When the triplet transfer is enhanced (L 3 near resonance or blue detuned), the singlet transfer is suppressed and vice versa (L 3 red detuned from resonance). The lower signal to noise ratio in this figure in comparison to the data shown in Figs. 2 and 3 is due to our use of a SPEX 1404 monochromator (50-μm entrance and exit slits) in the role of a very narrow bandpass filter for the observation of the singlet fluorescence and the low laser power for the lasers L 1 and L 2 . The latter was necessitated by the experimental difficulty in isolating the gateway singlet fluorescence 1 
resonance, while the pump and probe lasers are kept on resonance. The excitation scheme is the same as in Fig. 2 . is the most probable speed. We assume that all levels involved in the experiment have the same quenching rate of Q = 7.35 × 10 −7 s −1 , calculated using the following values for the parameters: T = 850 K, P = 5831 mTorr (obtained from P Ar (293 K) = 2000 mTorr, and P Li (850 K) = 28.9 mTorr [25] ), and d = 2.67Å (the equilibrium internuclear distance of the ground state of Li 2 [26] ). This value for Q is in good agreement with an experimentally measured quenching rate for NaK molecules [27] . The most important collisional rate for our experiment is the collisional population transfer rate from level |3 to the |S ∼ |T mixed gateway, which is only a fraction of the total collisional quenching rate Q of level |3 . We calculated the branching ratio for the process 5 ) and the rate equation model given in Ref. [27] .
In conclusion, we have demonstrated optical control of the collisional population flow between singlet and triplet state manifolds. The control is achieved by manipulating the spin character in a pair of singlet-triplet mixed gateway levels using the Autler-Townes effect. Thus we show that the rate coefficient of a collisional process between excited molecules ( 7 Li 2 ) and atoms (Ar) leading to internal state changes in the molecules, can be effectively manipulated with a laser. More significant enhancements of collisional population transfer through the gateway can be achieved by using larger Rabi frequencies with a pulsed laser. In addition, gateway levels can be created from singlet and triplet levels that hardly interact to begin with.
